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TheintelTelationofAgVO3polymorphswasstudiedusingX-raydiffi･action(XRD),neutrondi冊action(ＮＤ)，
difTerentialscanningcalorimetry，andelectricaIconductivitymeasurements・ｏＣ－ＡｇＶＯ３ａｎｄ６－ＡｇＶＯ３ｗｅｒｅ
ｓｈｏｗｎｔobemetastablephaseswhilel3-AgVO3isastablephase・Theq-AgVO3isreversiblytransfbrmedintoa
defbrmedfbrmofq-AgVO3ataroundl60oCandirreversiblytop-AgVO3at250゜CElectricalconductionfbr
lMgVO3and6-AgVO3increasewithtemperature(100-400°Ｃ),whichhasbeenascertainedusingXRDmeas‐
urements・TheamorphousphasecrystallizedintolMgVO3throughq-AgVO3､Fromthesefacts,phaserelations
areproposedfbramorpbousAgVO3,q-AgVO3,６－AgVO3,lMgVO3,anddefbrmedfbrmsofthelatterthree
samplesTheelectricalconductivityofthehigher-temperaturepbaseofthethreesamplesdemonstratesthatthey
aresuperionicconductorswithconducｔＭｔｉｅｓａｂｏｖｅｌＯ－３Ｓｃｍ~IThecrystalparametersof6-AgVO3werede-
terminedusinghigh-resolutionXRDdifliactionwithBLO2B1beamlineinSPring-8（SuperPhotonring-8GeV）
andpowderneutronscatteringusinｇＶｅｇａａｔＫＥＫ(KohEnergyKasokukikikoh:laboratoryfbrhighellergyac‐
celerationsystem)．
゛ヲ
vanadateshavesofarbeenusedtoprepareaglassy
stateofthesolid，amixedmoltenphasewithAg20
andV205.3,4)ThemainreasonfbrthisisthatthesiI-
vervanadatescanbemoltenatratherlowtempera-
turesofaround500・CTbourknowledge,however，
therearenoreportsconcerningelectricalconductMty
measurementsofAgVO3shownabove
Thepresentpaperreportselectricalconductivity
measurementsonq-AgVO3,p-AgVO3,and6-AgVO3
mrelationtotheircrystalstructures、E1ectricaIcon‐
ductivitymeasurementsofthesesamplesledusto
flndnewreversiblephasechangesatatemperature
belowtheirreversibletransitionfTomoC-AgVO3to
6-AgVO3,andbelowthemeltingpointsofp-AgVO3
and6-AgVO3．
lntroduction
Metalvanadatecompoundshavemanyvariations
with、ariousmetalionsandoxidationstates,ａｎｄcan
beconventionallyfbrmedbyheatingamixtureof
componentmetal,metaloxides,and/orthermallyde-
composablemetalsaltswithV205・Theauthorshave
recentlyfbrmedthreeAgVO3phaseｓ（α-,6-,and
6-types)fTomaqueoussystemsbyreactingvanadium
pentoxidehydrate(V205wH20)soIwithAgNO3so-
1utionI）lMgVO3wasfbundtobeastab1ephasｅ
ｗｈｉｌｅｑ－ＡｇＶＯ３ｗａｓａｍｅｔａｓｔａｂｌｅｐhase､2)Thecrys-
taIstructureofthenewIyfbund6-AgVO3hasnotyet
beendetermined、
Tbereareseveralionicconductorsincludingsil-
verionsinbothcrystaI1ineand/orglassystatesSilver
1６ ShigeharuKITTAKA,MiyukiKAwATA,NaokoWADA,SatoshiONoandHaruoAKAsHI
Thecrystalstructureof6-AgVO3wasanalyzed
usingsingle-crystaIX-raydiHiaction（XRD）and
neutrondiffiaction(ND)ofthepowderfbrm,butnot
definitively・Ｓｏｍｅｃｏｍｍｅｎｔｓｏｎｔｂｅｒｅｓｕｌｔａｒｅｇｉｖｅn
inthelastsection．
Thennodynamicmeasurements・Thennalproperties
ofthesampleswerestudiedusingdifferentialthermal
analysis(DTA)(25-600°Ｃ)and/ordifferentialscan-
ningcalorimetry（DSC）（<400。C)．Theenthalpy
changeofthephasechangewasdeterminedbycali‐
bratingwiththeenthalpyofmeltinｇｏｆｐｕｒｅｌｎ
ＵＬＶＡＣＴＧＤ－７０００ａｎｄＤＳＣ－7000wereusedfbr
thesemeasurements．
Experimental
MaterialsAreactiondiagramwaspreparedbyvary-
ingtheratioofvanadiumpentoxidehydrate，
Ｖ２０５ｗＨ２０，andAgNO3so1utions，inwhichsome
additionalratiosweretestedtothoseusedinthepre-
viousworkl）A11oftheprecipitateswereobtainedas
needle-likefineparticles，ａｆｅｗｍｉｃrometersin
length
Electricalconductivitymeasurements、E1ectrical
conductivitywasdeterminedbymeasuringtheDC
conductivity・Themeasuredspecimenswereprepared
asfbllows、q-AgVO3andlMgVO3blockswere
preparedbycoolingthemeltofq-AgVO3(５５０．C）
quickIyinicewaterandslowly(７．Ｃｈ－１),respec‐
tively・Thesamp1eblockwassbapedtosize(diameter
Ｓｍｍａｎｄｌｅｎｇｔｈ７ｍｍ),onbothendsofwhichAg
pastewasplacedtofbrmelectrodesfbrtheelectric
circuit､5）Withthiselectrodesystem，themeasured
conductivityiscomposedofbothelectronic(oreIec-
tronhole)andionic(Ag+)contributions・Thedried
5-AgVO3precipitatewaspressedintoadisk(Zmm
thicknessandlcmdiameter)andcalcinedinadvance
at420oCfｂｒ５ｈｉｎａｉｒＳａｍｐｌｅｓｗｅｒｅｓｅｔｉｎａｇｌａｓｓ
ｃｈａｍｂｅｒａｎｄｃｏｎｔａｃｔｅｄｗｉｔｈｌａｍＯ２ａfterevacua-
tionThemeasuringsetupwascomposedofaDC
powersupply（544B，MetronixCo.)，electrometer
(AM-100LOhkuraElec,ＣＯ.),andamicroampere
meter(YOkogawaElectricWOrks)．
Crystalstructures・Thetemperatureeffectonthe
powderXRDmeasurementswasdeterminedusinga
sampleholderdesignedfbrhigh‐temperaturemeas-
urementsinair．ＴheapparatususedwasaRigaku
RAD-2Ｒ,whichwasequippedwithaCutargetX-ray
tubeandhome-madesampleholder・Asinglecrystal-
linefbrmof6-AgVO3(３ｘ８×ｌ３５ｕｍ３)wasana‐
lyzedatBLO2B1beamlineinSPring－８(几＝0.33100
Ａ).Neutron-diffTactionmeasurementｓｕｓｉｎｇＶｅｇａａｔ
ＫＥＫｗｅｒｅａｌｓｏｃｏｎｄｕｃｔeｄｆｂｒｔｈｅｐｏｗｄｅｒｆｂｒｍｏｆ
６－ＡｇＶＯ３,whichwasrepeatedlypreheateｄａｔ３００ｏＣ
ａｎｄｇｒｏｕｎｄｆｂｒｂｅｔｔｅｒｃrystallinityandbetterhomo‐
geneityofcrystallitesizedistributionTheprepared
samplewasusedalsofbranalysisofthedifYTaction
pattemmeasuredwithRAD-2R
ResultsandDiscussion
/､此acjjo"pﾊαSBC/ｍｇ７ａｍ.Figure1showsthe
reactionphasediagrampreparedfTomV205･"H20sol
andAgNO3solutions,inwhichbothaxesindicatethe
concentrationofeachcomponentinthesystem．
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FigLFormationphasediagramoftheＶ２０５･"H20-
AgNO3aqueoussystemsatroomtemperature,pre‐
sentingthecharacteristicsedimentsorcrystalline
particles．
Ｔｈｅｄｉａｇｒａｍｃａｎｂｅｄｉｖｉｄｅｄｉｎｔｏｆｂｕｒareas
dependentuponthestructureofthesediments：Sys-
tem-1，anintercalationcompoundofV205･"Ｈ２０
(Ago33V205･"H20)；System-2,q-AgVO3andhy‐
drouspbaseofAg2-xV4011；System-3,8-ＡｇＶＯ３；
System-41MgVO3、
PhasechangesfbrSystem-lthrougｈＳｙｓｔｅｍ－３ａｒｅ
easilyachievedbyincreasingAg＋content4)However，
System-3wasnotfbrcedbyAg＋additiontomove
intotheSystem-4orotherfbrm,eventhoughafairly
largeamountwasintroducedThus，６－ＡｇＶＯ３ｉｓ，
oncefbrmed,quiteresistant・Apparently,itisnotpos‐
sibletodeflnewhichphaseisthemoststablephase
betweenl3-AgVO3and6-AgVO3underambientcon‐
ditions
Thestabilityofthephasecanbeassessedusing
theGibbsfiPeeenergyrelation[l]：
ｄＡＯ＝－ＡＳｄ７＋Ｍ/ｄＰ， ［l］
PhaserelationsofAgVO3fOrmedfromvanadiumpentoxidehydratesolinrelationwiththeelectricconductivityl7
sitedirectiontothethermodynamicmeasurement
Theseresultsdonotcoincideeitherwiththefactthat
heattreatmentinairdidnotaffectthecrystalstruc-
tureuptothemeltingpoint.'）Thus,ｗｅｍａｙｓａｙｔｈａｔ
８－ＡｇＶＯ３ｉｓａｍｅｔａｓｔablephase,andcannotbetrans-
fbrmedintootherphasesunderdryconditions・Fur-
thermorathepresenceofwaterisimportantfbrthe
transitiontogiveastablephase,０９，thedissolution
andprecipitationprocessesacttogrow6-AgVO3・
HydrothermaltreatmentinanautocＩａｖｅａｔ２００･C
underaboutl5atmacceleratedthechangeof
6-AgVO3tol3-AgVO3,whichisfavorablyaccompa‐
niedbythevolumechanga
2．Ｅにc/'ｊｃａノＣＯ"伽ｊＭ０ノｑ／Agl′０３．Figure3
showstheelectricalconductivitychangeofAgVO3
withinversetemperature・Ｉｎｔｈｅｃａｓｅｏｆｑ－ＡｇＶＯ３
(Fig.３a),theabsolutechangeofconductivityvaries
ｗｈｅｒｅＡＧａｎｄ△しarethefTeeenergyandmoIar
volulredifferencesbetweenthetwophases；ｉｎｅｑｕｉ‐
libriumthefbrmeriszero・ASistheentropydiffer‐
enceandshouldbeequaltotheheatoftransitiondi-
videdbytbetemperaturePycnometryofbothsub-
stancesgavethedensities539gcm~3fbrlMgVO3
and5Ｏ１ｇｃｍ－３ｆｂｒ６－ＡｇＶＯ３，ｉ､e､，△γ＜OThus，
higherpressureisneededtotransfbrm6-AgVO3into
lMgVO3・Becausebothphasesaremoltenatthe
sametemperatureof47４°Ｃ，wecandeterminethe
enthalpydifferencenomtheheatsofmeltingla､d
assignthelargermo1arenthalpyｔｏ６－ＡｇＶＯ３ｔｈａｎｔｏ
ＩＭｇＶＯ３ｂｙＯ９ｋＪｍｏｌ－１.Thissuggeststhatatem-
peraUIredecreaseisrequiredifthetransfbrmationof
6-AgVO3tolMgVO3isrequiredThesecontribu‐
tionswereinvestigatedusingthehydrothennaltreat-
mentof6-AgＶ０３．
Figure2showstheeffectofhydrothermalheat
treatmentonthestructuｒｅｏｆ６－ＡｇＶＯ３・Treatmentｏｆ
６－AgVO3at200oCunderahydrothermalpressureof
l5atrnl(ｂａｎｄｃ)bringsaboutthedefbrmationand
recIystallizationinto（e）lMgVO3、Hydrothermal
treatmentat80oCfOrthelongperiodofl5months
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P-AgVO3usinghydrothermaltreatments．（a）
6-AgVO3;treatmentconditions(b）ｌ５ａｔｍ２００ｏＣ，
２４ｈ;(c)ｌ５ａｔｍ,２００°Ｃ,１０days;(d)ｌａｔｍａｔ８０。C；
(e)p-AgVO3．
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fTomsampletosampleHowever,repeatedmeasure-
mentsgavearathergeneralunderstandingthatthe
conductivityincreasessmoothlywithtemperatureup
toaroundl20oCｗｉｔｈａｎｅｎｄｏｔｈｅｒｍｉｃＤＳＣｐｅａｋａｔ
ｌ４４ｏＣｉｎＦｉｇ４ａ・ThisdoesnotCoincidewiththe
unchangedstructuralbehaviorshowninＦｉｇ５ａａｎｄ
ｓｕｇgeststheoccurrenceofsmallionicrearrange-
ments．
produceddecompositionofcrystalline6-AgVO31tis
notpossibletoidentifythestructureoftheproduct
withanyotherfbrmofAgVO3Thisfactistheoppo‐
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Ｔｈｅ］inearconductivity-inversetemperaturerela-
tionfbr6-AgVO3issimilartothep-AgVO3phase
(Fig3c).Thereisnostructuralchangeinthesame
temperaturerange(Fig5c).Thereisnosignalsug‐
gestingaphasechangeontheDSCcurveeither(Fig.
４c).Ｔｂus,６－AgVO3isastablephaseinthistemper‐
aturerange
lnFigs3a-3c，theactivationenergyvaluesfbr
ionicconductanceweredeterminedonthelinearpart
oftheplotsltisnotedthattheactivationenelgyval‐
uesincreaseintheorderq-AgVO3（ｌ３ｋＪｍｏｌ－１)，
6-AgVO3(32.7kJmol-l),l3-AgVO3(39.5kJmol-I）
Thisordercorrespondstothatofmolarvolumevaria‐
tion，ｉｅ.，inverseofthedensity，ｌ/４．８１ｃｍ３９-'’2）
ｌ/５．０１ｃｍ３ｇ－ｌ，ａｎｄｌ/５３９ｃｍ３９－１，respectively・This
factisrelatedtothelalger付eespacefbrthesilver
ionstomigraｔｅｉｎｔｈｅｆｂｎｎｅｒＡｇＶＯ３・However,the
ionicconductivｉｔｙｏｆＡｇＶＯ３ｉｓｍｕｃｈｓｍａｌｌｅｒｔｈａｎ
ｔｈａtofthetypicalsuperionicconductorAgL6)ｗｂｉｃｈ
ｉｓｓｈｏｗｎｉｎＦｉｇ３ａ－３ｃｗｉｔｈａｂｒｏkenIine・
Figure6showsconclusivelythefieeenergy-
temperaturerelationsofAgVO3thatarederivedfTom
theabovemeasurementSHere,aphasechangeofthe
variousstartinｇＡｇＶＯ３ｓａｍｐlesisseenalongtheline
fbreachsubstance・ＷｉｔｈＡｇＶＯ３，Structurallythe
p-fbrmisastab1ephase,butthermodynamicallythere
isahigh-temperaturephaseB-AgVO3・Themetasta-
blephasesq-AgVO3and6-AgVO3areplacedat
higherpositions．
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鐘|；迫Whentheq-AgVO3wastransfbrmedirreversibIyin‐toP-AgVO3ataround200oC,theconductMtybe-camelessdefined,probablybecauseofthebreakinelectricalhomogeneityofthesoIid:fiacturingorun‐
controⅡedclystallizationofthel3-AgVO3fbrm
lnthe6-AgVO3sampleshownｉｎＦｉｇ３ｂ,theplot
ofelectrica1conductivitychangeslinearlywithin-
versetemperatureandisreversibIe・Nostructural
changewasdetectedusingpowderXRDmeasure-
ments（Fig5b).However,averytinyendothermic
peakwasdetectedatl90゜ＣｏｎｔｈｅＤＳＣｃｕｒｖｅ(Fig
4b).ltisanticipatedthatthethermodynamicchange
istoosmalltoref1ecttheelectricalandcrystallo-
grapbicchanges．
180２７９●
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打鰯〔
Fig.６」maginaryfi･eeenergy-temperaturerelations
ofq-AgVO3,lMgVO3,and6-AgVO3Arrowatl44
oCindicatesthereversibletransitionpoiｎｔｏｆ
ｑ－ＡｇＶＯ３；ａｒｒｏｗｌ８０ｏＣ，thermodynamictransition
pointof6-AgVO3toP'一type;arrowａｔ２７９°Ｃ,the
transitionfTomq-AgVO3to6-AgVO3;dottedlineis
fbrthe6-AgVO3．
PhaserelationsofAgVO3fOrmedfromvanadiumpentoxidehydratesolinrelationwiththeelectricconductivityl9
３．Ｃ>Ｗα/Mzc〃ｅｑ/Mgm3・Thecrystalstruc-
tureof6-AgVO3wasanalyzedinthepreviouswork
usingpowderXRDandelectrondiifraction，but
withoutadecisiveresult・TWonewtechniqueswere
testedfbrthepurposeofcrystalanaIysis・Wecould
obtainsomecrystallineparametersbuthavenot
reachedtheflnalstructureoftheatomicarrangements、
Here,someobtainedresultsarepresenteｄ
ＬＡｎａＩｙｓｅｓｂｙｃｏｍｂｉｎｉｎｇｐｏｗｄｅｒＸＲＤand
highPintensitysingle-crystａｌＸＲＤａｔＳＰｒｉｎｇ－８１ｎｂｌｅ
ｌｓｈｏｗｓｔｈecrysta1parametersof6-AgVO3deter-
minedusingthelatterteChnique・Thedensityofthe
material,４９５３９ｃｍ-3,isveryclosetothevalue501
TablelCIystalparameterdetermined
byBLO2B1beamlineinSPring-8
CrystalSystemmonoclinic
SpaceGroup C2(#5）
LatticeParameters/Ａ
α＝18.82(2)
６＝3.589(4)
ｃ＝17.83(2)
β/deg＝112.891(9)
Ｊ/i/Ａ３＝1109(1)
Ｚvalue＝４
Densityg/cm3＝4.953
尺ｗ＝１９．５％
Table2Crystalparameterrefinedby
powderXRDandRietveldanalysis
LatticeParameters/Ａ
α＝18.82(2)
６＝3.589(4)
ｃ＝17.83(2)
β/deg＝112891(9)
Ｒｗ＝１３．１１％
lonicpositions
Ａｇ＋ｘ=０．７１９３
(1)
Ｊ=0.545ｏ
ｚ=0.6988
Ａg＋ｘ=0.3897
(2)
ｙ=０．０１２９
ｚ=0.4745
Ｖ5十 JＦ0.4976
(1)
Ｊ=0.5362
ｚ=0.6350
Ｖ5＋ ｘ=0.8056
(2)
．y＝1.0863
ｚ=0.5852
02-(1)ｘ=0.2542
Ｊ=0.0729
ｚ＝1.0000
ｏｚ~(2)ｘ=0.73367
．ツー1.01203
ｚ=0.61620
０２~(3)Ｘ=0.8098
ＪノーＬ５３２４
ｚ=0.7983
02-(4)ｘ=0.6324
Ｊ=0.5652
ｚ=0.8775
02-(5)ｘ=0.5419
Ｊﾉｰ0.5289
ｚ=09357
02-(6)ｘ=0.4989
Ｊ＝1.6817
ｚ=0.6261
Ag+(3)ｘ=0.4259
y=０．０３５２
z=0.7595
x=0.6156Ag+(4)
y=0.0944
z=0.8103
x=0.3347V5+(3)
y=0.5586
z=0.8694
ｘ=0.5441V5+(4)
ｙ=-0.5085
z=0.9317
JＦ0.5981
Ｊﾉｰ0.4641
z=0.6376
ｘ=0.7287
Ｊ=0.0420
z=0.807ｌ
ｘ=0.4671
Ｊ=0.4479
z=0.5763
x=0.3257
.y=-0.3798
z=0.8995
x=0.5414
Ｊ=-0.5346
z=０．９３３６
02-(7)
02-(8)
夛窪⑪この》臣
02-(9)
02-(10）
準一ロ
０２_(11）２劇degree
Fig7・RietveldanalysisofpowderXRDpatｔｅｍｏｆ
６－ＡｇＶＯ３ｗｉｔｈＲｗ＝１３．１１％．
gcm-3determinedusingpycnometryByusing
thecrystaIparametersandtheatomicarrangements
obtainedbythesingle-crystalanaIysis，RietveldZanalysiswasconductedoｎｔｈｅｐｏｗｄｅｒＸＲＤｐａｔｔｅｍｓ
ｔｏｇｉｖｅｔｈｅｒesultsinTable2andthefittedXRD
pａｔｔｅｍｉｎＦｉｇ７・However,theobtainedatomicar‐
rangeｍｅntsarenotchemicallyacceptable，aIthough
theRwvaluewasmarkedlyiｍｐｒｏｖｅｄｎｏｍｌ９３５ｔｏ
13.11
ZByusingthecrystal基．じyusIngtnecrystaIparametersobtainedfTomthe
aboveexperimentsandsomeadditionalmodiflcations
ofatomicarrangements，Rietveldanalysis
wasconductedontheNDpatternobtainedusing
VegaatKEKThefittingwasapparentlyfmewith
Rwvalueof９．８１，ａｓｓｈｏｗｎｉｎＦｉｇ８;however,the
ﾋﾟﾆﾆiiflliごi二二二i2二:i二二二二】
ｉｌ
ｌｉｌｌｌＩ
ｉｌｉｌ
ＬＬＪＭ鍬JｊｉＩ１
－Ｅｘp、
---calｃ、
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atomicarrangementsdonotsatisfythechemical
bondingrequirements・Tberefbre，fUrthertestsare
requiredbefbreattainmentofthefmalfbrmofthe
structure．
Conclusions
Theionicconductivitiesofq-AgVO3,l3-AgVO3,and
6-AgVO3weremeasuredasafimctionoftemperature・
p-AgVO3and6-AgVO3havesuperionicconductivi-
tiesathighertemperatures・ThepbasetransitionfiPom
q-AgVO3tolMgVO3bringsaboutadiscontinuous
jumpinconductMty・lMgVO3showedaslighttran‐
sitioninconductivitydespitetbeabsenceofastruc-
turalchange・
Ｔｈｅcrystalstructureof6-AgVO3wasanalyzed
usinghigh-intensityXRD，andneutron-scattering
structuralparametersweredetermined；howeverうthe
atomicarrangementhasnotyetbeenaccomplished
Furtheranalysisisexpectedbypreparingalarger
crystallite．
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